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INTRODUCTION
When a normal cell sustains an oncogenic mutation, its differentiation state begins to change. The ultimate differentiation state acquired by a cancer over the course of its evolution often predicts prognosis and therapeutic response. Lung adenocarcinomas exhibit a diverse array of differentiation states , and tumors which have diverged the most dramatically from normal lung confer the worst prognosis (Russell et al., 2011; Yoshizawa et al., 2011) . Lung adenocarcinomas treated with targeted therapies undergo radical differentiation state changes that affect their sensitivity to standard drug regimens (Sequist et al., 2011) . Nevertheless, the molecular regulators of lung adenocarcinoma differentiation remain poorly understood.
The transcription factor Nkx2-1/TTF1 has emerged as a candidate regulator of lung adenocarcinoma differentiation. Nkx2-1 is a highly conserved homeodomain-containing transcription factor that is expressed at the onset of lung and thyroid development (Boggaram, 2009) . The primordial lung buds arise from the ventral wall of the anterior foregut at day E9.5, invade into the surrounding splanchnic mesoderm, and undergo branching morphogenesis to form the mature lung (Costa et al., 2001) . In mice harboring a targeted deletion of Nkx2-1, lung buds are initiated but there is a complete failure of branching morphogenesis, resulting in the formation of dilated sacs lined by epithelial cells lacking markers of pulmonary differentiation (Kimura et al., 1996; Minoo et al., 1999) .
NKX2-1 is expressed in 75-85% of human lung adenocarcinomas (Kunii et al., 2011; Stenhouse et al., 2004) . NKX2-1-negative tumors confer a worse prognosis and have an altered differentiation state compared to NKX2-1-positive tumors (Barletta et al., 2008; Berghmans et al., 2006; Travis et al., 2011) . These correlations suggest that NKX2-1 may enforce a lineage-specific differentiation program on lung adenocarcinomas that restrains their malignant potential. The NKX2-1 gene is genomically amplified in 10-15% of human lung adenocarcinomas, indicating that it can also act as a lineage-survival oncogene in a subset of tumors (Kendall et al., 2007; Kwei et al., 2008; Tanaka et al., 2007; Weir et al., 2007) , likely by activating targets such as LMO3 (Watanabe et al., 2013) and ROR1 (Yamaguchi et al., 2012) . NKX2-1 was also identified as an oncogene in T-cell acute lymphoblastic leukemia (Homminga et al., 2011) , and other NKX family members regulate tumorigenesis in a variety of tissues (Abate- Shen et al., 2008; Yu et al., 2012) .
We have previously shown that Nkx2-1 restrains the progression of a mouse model of lung adenocarcinoma. In this model, Nkx2-1 positive tumors are initiated by expression of the Kras G12D oncogene, and simultaneous loss of the p53 tumor suppressor enables progression to a metastatic state over time (Winslow et al., 2011) . Stochastic loss of Nkx2-1 expression is observed in poorly differentiated, metastatic tumors that upregulate the proto-oncogene Hmga2, whose expression is normally restricted to embryonic tissues (Fusco and Fedele, 2007) . Re-expression of Nkx2-1 in lung adenocarcinoma cell lines inhibited Hmga2 expression and reduced tumorigenesis after transplantation into mice. These results indicated that Nkx2-1 restrained the ability of Kras-driven lung tumors to evolve to a poorly differentiated, Hmga2-positive state.
Based on these observations, we have employed the lung as a model system to characterize how epithelial cells react to the loss of their master fate regulator. We have used a conditional allele of Nkx2-1 (Kusakabe et al., 2006) to determine the consequences of Nkx2-1 deletion in the normal lung and in autochthonous murine lung adenocarcinomas. We have found that normal and neoplastic epithelial cells adopt a gastric differentiation state after Nkx2-1 deletion perhaps reflecting the embryologic origins of the lung. We have implicated the relocalization of the transcription factors Foxa1 and Foxa2 from pulmonary to gastrointestinal genes as a mechanism for this change in differentiation. Finally, we show that the loss of two master regulators of differentiation, Nkx2-1 and Hnf4α, can have a profound effect on tumor burden, demonstrating a direct connection between transcriptionally controlled differentiation programs and tumor growth.
RESULTS

Nkx2-1 controls differentiation state in lung adenocarcinoma
We generated mice in which Cre recombinase can activate a conditional allele of oncogenic Kras (Kras LSL-G12D/+ , hereafter Kras LSL-G12D ) (Jackson et al., 2001 ) and simultaneously delete Nkx2-1 (Kusakabe et al., 2006) . We infected lung epithelial cells of Kras LSL-G12D ; Nkx2-1 F/F mice and Kras LSL-G12D ; Nkx2-1 F/+ controls with adenovirus expressing Cre (AdCre). Simultaneous Kras G12D activation and Nkx2-1 deletion yielded invasive adenocarcinomas in the peripheral lung within 2-4 weeks of initiation that exhibited a dramatically altered differentiation state compared to Nkx2-1 positive tumors ( Figure 1A ). Control tumors express Nkx2-1 and its target pro-surfactant protein C (proSPC), whereas tumors in Kras LSL-G12D ; Nkx2-1 F/F mice do not ( Figure 1B and Figure S1A ). Nkx2-1-positive tumors were organized into predominantly papillary structures ( Figure 1A , left), but Nkx2-1-deleted tumors exhibited a distinct glandular growth pattern ( Figure 1A , right).
Nkx2-1-negative tumor cells produced abundant mucin, including Muc5AC ( Figure 1C , right), whereas control tumors were non-mucinous ( Figure 1C , left). Transcript levels of Spdef, which encodes a transcription factor that promotes mucinous differentiation in the lung (Chen et al., 2009; Maeda et al., 2011) were elevated in Nkx2-1-negative lung tumors relative to controls ( Figure S1B ).
The changes observed upon engineered Nkx2-1 deletion recapitulate some, but not all of the changes that take place in tumors from Kras LSL-G12D ; p53 F//F mice that stochastically downregulate Nkx2-1 (Winslow et al., 2011) . Like the engineered Nkx2-1-deficient tumors generated here, Nkx2-1-negative tumors from that study often had a glandular architecture and produced more mucin than Nkx2-1-positive tumors ( Figure S1C ). However, some tumors with stochastic Nkx2-1 loss also progressed to a poorly differentiated state in which cells did not form glands and produced little if any mucin ( (Winslow et al., 2011) and data not shown). Furthermore, Nkx2-1-negative tumors from Kras LSL-G12D ; p53 F//F mice typically expressed the embryonal proto-oncogene Hmga2, which was not detectable in most Nkx2-1-deleted tumors ( Figure S1D ). This suggests that multiple genetic or epigenetic changes, in addition to Nkx2-1 loss, may be required for the emergence of the poorly differentiated Hmga2-positive tumors from Nkx2-1-positive tumors.
Tumors arising in Kras LSL-G12D ; Nkx2-1 F/F mice bear a striking morphologic resemblance to mucinous lung adenocarcinoma in humans ( Figure S1E ), a subtype that has not been previously modeled in the mouse. This subtype comprises ~5-10% of human lung adenocarcinomas (Hata et al., 2010; Kunii et al., 2011) , typically lacks NKX2-1 expression ( Figure S1E ), and harbors activating mutations in KRAS in 60-80% of cases (Finberg et al., 2007) . Mucinous adenocarcinomas have been hypothesized to arise from Kras-mutant, Nkx2-1-positive precursor lesions (Garfield, 2008) . Our data raise the possibility that loss of Nkx2-1 expression may be sufficient for the transition from precursor lesions such as atypical alveolar hyperplasia (AAH) to mucinous adenocarcinoma. Consistent with these results, Kras G12D overexpression in Nkx2-1 heterozygous mice has been reported to induce lung adenocarcinomas with areas of mucinous differentiation (Maeda et al., 2012) .
Nkx2-1 limits tumor initiation by Kras G12D
Nkx2-1 appears to function as either an oncogene or an inhibitor of tumor progression in different contexts (Kendall et al., 2007; Kwei et al., 2008; Tanaka et al., 2007; Weir et al., 2007; Winslow et al., 2011) . We therefore quantitated the effect of Nkx2-1 loss on overall lung tumor burden in vivo. At 6 weeks after initiation, tumor burden was nine-fold higher in Kras LSL-G12D ; Nkx2-1 F/F mice than Kras LSL-G12D ; Nkx2-1 F/+ controls ( Figure 1D ). We obtained similar results in p53-deficient tumors ( Figure S1F ). Kras LSL-G12D ; Nkx2-1 F/F mice exhibited a significantly greater number of neoplastic lesions at 2 weeks post-initiation than control mice ( Figure 1E ). In contrast, the difference in proliferation between the two groups was modest ( Figure S1G ,), and apoptosis was virtually undetectable ( Figure S1H ). Thus, Nkx2-1 loss augments tumor burden predominantly by increasing the number of lesions initiated by Kras G12D . Of note, tissue-specific Nkx2-1 deletion also enhances chemically-induced thyroid tumorigenesis (Hoshi et al., 2009 ).
Since we have previously implicated stochastic Nkx2-1 loss in the progression of Kras G12D ; p53-deficient lung adenocarcinomas to a metastatic state (Winslow et al., 2011) , we determined whether engineered Nkx2-1 loss promotes metastasis in Kras G12D ; p53-proficient lung tumors, which rarely, if ever, metastasize (Jackson et al., 2001 ). However, no metastases were observed up to 33 weeks after tumor initiation. We also asked whether Nkx2-1 deletion could enhance metastasis in Kras G12D ;p53-deficient lung adenocarcinomas (Jackson et al., 2005 ), but we did not detect a significant difference in the proportion of mice with metastatic disease ( Figure S1I ). Tumors arising in Kras LSL-G12D ; p53 F/F ; Nkx2-1 F/F mice tumors were initially similar to those that arose in Kras LSL-G12D ;Nkx2-1 F/F mice, but progressed to a poorly differentiated (Hmga2-positive) state over time ( Figure S1J ). All metastases identified in these mice were high grade and Hmga2-positive ( Figure S1J ). Thus, Nkx2-1 deletion is not sufficient to induce the full complement of differentiation-state changes required for metastasis. Additional genetic and epigenetic changes, including derepression of Hmga2, are likely required for tumors reach a highly metastatic state.
Nkx2-1 deletion induces mucinous alveolar hyperplasia in the adult lung
To evaluate the role of Nkx2-1 in regulating the differentiation of normal adult lung epithelium, we used a tamoxifen-inducible Cre ERT2 fusion expressed from the ubiquitous Rosa26 locus (Ventura et al., 2007) to delete Nkx2-1 throughout the adult lung epithelium. Nkx2-1 deletion induced diffuse epithelial (cytokeratin 8-positive) hyperplasia in the alveolar space ( Figure 2A -B and S2A) . Hyperplastic cells lacked expression of canonical Nkx2-1 targets such as proSPC and Clara Cell Secretory Protein (CCSP) ( Figure S2A -B) . At the highest dose of tamoxifen tested, mice became dyspneic and moribund within a week of deletion, possibly as a result of decreased surfactant production and diffuse epithelial hyperplasia throughout the alveoli ( Figure S2C ).
In contrast to the alveoli, there was no morphologic evidence of proliferation in the airways. At 1-2 weeks after tamoxifen administration, hyperplastic alveolar cells had a far higher Mcm2-positive rate than normal type 2 pneumocytes, whereas Nkx2-1-deleted airway cells showed no increase in Mcm2 positivity ( Figure 2C ). Longer term studies show that the proliferation rate of hyperplastic alveolar cells declines over the course of 8 weeks ( Figure  S2D -E), and Nkx2-1 deleted cells never give rise to macroscopic tumors, even after several months of observation.
Nkx2-1 deletion also altered the differentiation state of epithelial cells in the adult lung.
Although the hyperplastic alveolar cells were predominantly non-mucinous at 1-2 weeks after recombination, we began to observe mucin accumulation in these cells at 4-8 weeks ( Figure 2D ). We also observed an increase in the number of airways (including distal bronchioles) with mucin-positive cells in mice that survived for >1 month after tamoxifenmediated Nkx2-1 deletion ( Figure S2F -G).
Taken together, these data show that Nkx2-1 inhibits proliferation in a cell type-specific manner in the adult lung, but that its loss is not sufficient for frank tumor formation. In addition, Nkx2-1 represses mucinous differentiation throughout the pulmonary epithelium.
Nkx2-1 deletion in established tumors alters differentiation and induces proliferation
Deletion of Nkx2-1 at the time of tumor initiation might impact the differentiation state of the cell of origin and thereby alter the phenotype of the subsequent tumor. It was therefore critical to develop a system to study the consequences of Nkx2-1 deletion in established tumors. In order to temporally separate Kras G12D activation from Nkx2-1 deletion, we used a conditional allele of Kras G12D that is activated by Flp recombinase (Kras FSF-G12D ) (Young et al., 2011) . We delivered adenovirus expressing Flp (Ad-Flp) to the lungs of Kras FSF-G12D ;Nkx2-1 F/F; RosaCre ERT2 mice, allowed tumors to grow for 2-7 months, and then treated the mice with tamoxifen to delete Nkx2-1. Expression of Nkx2-1 and its target proSPC was lost in most tumor cells within a week after tamoxifen administration ( Figure  3A and S3A). Six days after Nkx2-1 deletion, we observed a significant increase in tumor cell proliferation compared to controls ( Figure 3B ), with no increase in apoptosis ( Figure  S3B ). Thus, Nkx2-1 deletion in established tumors leads to rapid changes in the cell cycle state of tumor cells.
Nkx2-1 deletion also promoted long term tumor growth. Six weeks after Nkx2-1 deletion in Kras FSF-G12D mice, the total burden of neoplastic cells was about four fold higher than controls ( Figure 3C ). Nkx2-1 deletion had similar consequences in the Kras LA2 model of lung adenocarcinoma ( Figure S3C ), in which tumors arise via spontaneous recombination of a latent Kras G12D allele (Johnson et al., 2001) . These data show that Kras-driven tumorigenesis is enhanced by loss of Nkx2-1 during tumor progression as well as at the time of initiation.
Finally, we tracked sequential changes in tumor differentiation state after Nkx2-1 loss. At 6-10 days after Nkx2-1 deletion in tumors from Kras FSF-G12D mice, tumor cells became elongated, nuclear size increased, and chromatin appeared less compact ( Figure 3D ). By 3 weeks after deletion, many tumor cells had begun to produce mucin ( Figure 3D ). Within six weeks of deletion, many Nkx2-1-deleted cells had reorganized themselves into glandular structures within otherwise papillary Nkx2-1-positive tumors ( Figure 3D ). Nkx2-1 deletion also induced mucin production and glandular rearrangements in tumors of Kras LA2 mice ( Figure S3E ). Thus, tumor cells undergo dramatic and progressive changes in their differentiation state upon Nkx2-1 loss. These changes occurred in essentially all tumors, suggesting that they are the direct consequence of Nkx2-1 deletion and not secondary mutations.
Nkx2-1 prevents activation of gastric differentiation in lung adenocarcinoma
To identify genes regulated by Nkx2-1 in lung tumors, we harvested RNA from 6-7 month old Kras FSF-G12D lung tumors at 6 days after tamoxifen-induced Nkx2-1 deletion (designated "TM") and compared their mRNA expression profile with vehicle-treated control tumors by Affymetrix exon array. 669 genes exhibited a significant change (at least 2 fold, p<0.05) in expression levels 6 days after Nkx2-1 deletion (Table S1 ), including 363 upregulated and 306 downregulated genes. Many canonical Nkx2-1 targets, as well as other genes expressed in the distal lung epithelium, declined after Nkx2-1 deletion ( Figure 4A ).
Metacore pathway analysis (Table S2) showed that proliferation-associated genes were enriched in Nkx2-1 deleted tumors.
We also harvested mRNA from tumors in Kras LSL-G12D ; Nkx2-1 F/F mice (designated "KN") 3-4 months after initiation by Ad-Cre. 1828 genes were differentially expressed between KN tumors and Nkx2-1-positive tumors (Table S1 ), including 1137 upregulated and 691 downregulated genes. Surprisingly, Metacore analysis for disease-specific gene collections and networks identified the categories "Stomach Neoplasms" and "Stomach Diseases" as enriched in KN tumors (Table S2) . Evaluation of individual genes revealed that Nkx2-1 deletion led to the de-repression of gastrointestinal (GI) transcripts in both TM and KN groups ( Figure 4A , 4B and S4A). These included some genes that are expressed in both the proximal lung and the GI tract, as well as others that are never expressed in the lung (Su et al., 2009 ). These changes in mRNA levels occurred rapidly, with Nkx2-1 levels reaching their nadir by day 3 and Nkx2-1 target genes (Sftpa1, Sftpb and Sftpc) declining from day 3 to day 6 ( Figure 4B ). Several GI transcripts also showed induction at day 3.
We next asked whether Nkx2-1 deletion caused a differentiation state change mimicking a specific tissue or cell-type within the GI tract. We therefore evaluated the levels of 1137 genes upregulated in KN tumors across a large panel of normal murine tissues (Su et al., 2009) . We found that this gene set is highly correlated with genes expressed in the stomach, and to a lesser extent in the small and large intestines, but not with expression patterns in any other tissues ( Figure S4B ). Several de-repressed genes are expressed at much greater levels in the stomach than the intestines, including Gkn1, Gkn3, Vsig1, Ctse and Muc5AC (Menheniott et al., 2010; Oien et al., 2004; Scanlan et al., 2006; Su et al., 2009 ). In addition, Nkx2-1-negative tumors and normal stomach express only the isoforms of Hnf4a driven by the P2 promoter (data not shown), whereas both the P1 and P2 promoters are active in the intestine (Tanaka et al., 2006) . Nkx2-1-deleted tumors did not express Muc2, a type of mucin expressed in the intestinal but not the gastric mucosa ( Figure S4C ). These data suggest that Nkx2-1 loss causes tumors to adopt a new identity that is closest overall to the gastric epithelium.
We used IHC to evaluate the expression pattern of four gastric proteins in tumors and normal lung after Nkx2-1 deletion ( Figure 4C ). Hnf4α and Pdx1 are transcription factors that regulate gastrointestinal differentiation (Hayhurst et al., 2001; Offield et al., 1996) . Cathepsin E (Ctse) and Gastrokine 1 (Gkn1, a stomach-specific protein), are secreted proteins (Chlabicz et al., 2011; Oien et al., 2004) . These four proteins were undetectable in normal lung and Nkx2-1-positive control tumors, but were expressed Kras LA2 tumors 10 weeks after Nkx2-1 deletion (LA2ΔN) and in KN tumors. Hnf4α was expressed in essentially all Nkx2-1-deleted tumor cells, whereas expression of the other proteins was more heterogeneous from cell to cell.
In normal (Kras-wild type) lung, Nkx2-1 deletion led to the expression of Hnf4α and Cathepsin E in hyperplastic alveolar cells, but not Gastrokine1 or Pdx1 ( Figure 4C ). None of these proteins was detectable in Nkx2-1-deleted bronchiolar epithelium. Thus, a specific cell type in the distal adult lung is primed both to proliferate and adopt a gastric cell fate upon Nkx2-1 deletion. The capacity of these cells to de-repress gastric markers appears more limited than Kras-driven tumors, suggesting that Kras G12D may activate specific signaling pathways that augment the change in differentiation state.
Finally, we determined whether human mucinous lung adenocarcinomas also exhibit evidence of gastric differentiation. A strong inverse correlation between NKX2-1 and HNF4α expression was recently demonstrated in human lung adenocarcinomas (Kunii et al., 2011) . We therefore evaluated the expression of two stomach-restricted proteins (GKN1 and CTSE) in 37 human lung adenocarcinomas. In NKX2-1-negative, mucinous human lung adenocarcinomas (n=11), we found that GKN1 was expressed in 6/11 cases and that CTSE was strongly and diffusely expressed in all eleven tumors ( Figure 4D and S4D) . In contrast, NKX2-1-positive lung adenocarcinomas (n=26) were entirely negative for GKN1. Most NKX2-1-positive lung tumors were either negative (n=14) or only focally positive (n=10) for CTSE. These results suggest that NKX2-1 has an evolutionarily conserved ability to prevent gastric differentiation in the adult pulmonary epithelium.
Nkx2-1 functions as a transcriptional activator in lung adenocarcinoma
In the hematopoietic system, master regulators of differentiation can activate one differentiation state and repress alternative fates by directly binding to genes characteristic of each state (Wontakal et al., 2012) . Although Nkx2-1 binds numerous pulmonary genes, it is not known whether it can also directly bind and repress gastric genes. We therefore used chromatin immunoprecipitation followed by massively parallel sequencing (ChIP-Seq) to map Nkx2-1 binding sites in lung tumors from Kras LA2 mice and determine which differentially expressed genes are associated with Nkx2-1 binding sites. Nkx2-1 binding sites were enriched at promoters relative to other locations in the genome (15.9% percent of sites occurred between 3 kb upstream and 1 kb downstream of transcriptional start sites), consistent with a role in transcriptional activation ( Figure 5A and S5A). Nkx2-1 binding sites were significantly associated with promoters of genes that decrease after acute Nkx2-1 deletion (Fisher's exact test, p<10 −17 ) and depleted at genes that are de-repressed (p<10 −5 ). Specifically, Nkx2-1 binds 58% of genes with decreased expression after deletion but only 23% of de-repressed genes ( Figure 5B and S5B). We also quantitated Nkx2-1 binding at a set of 158 genes that were both increased in KN tumors and also expressed at least four fold higher in normal stomach than normal lung. Only 12.7% of these "stomach high" genes were bound by Nkx2-1 ( Figure 5B ). Selected binding sites were confirmed with qPCR and an independent Nkx2-1 antibody ( Figure S5C ). Taken together, these data demonstrate the role of Nkx2-1 as a direct transcriptional activator in lung tumors but suggest that its ability to repress gastric differentiation may occur by mechanisms other than direct promoter binding.
To characterize the epigenetic state of Nkx2-1 binding sites in lung tumors, we performed ChIP-Seq for four histone post-translational modifications: H3K4me1 (a marker of enhancers and promoters), H3K4me3 (a marker of promoters), H3K27ac (a marker of activity at promoters and enhancers) and H3K27me3 (a marker of Polycomb-mediated gene repression) (reviewed in Zhou et al., 2011) . H3K4me1 and H3K27ac modifications were detectable at most Nkx2-1 binding sites, a subset of which also exhibited high levels of H3K4me3 ( Figure 5C ). Thus, Nkx2-1 binding sites have epigenetic features of active enhancers and promoters. We also evaluated Nkx2-1 and H3K27me3 levels at the transcription start sites (TSS) of the genes de-repressed by acute Nkx2-1 deletion ( Figure   S5C ). Genes without Nkx2-1 binding had higher levels of H3K27me3 near their TSS than genes bound by Nkx2-1.
These results raise the question of how Nkx2-1 loss indirectly de-represses genes that have undergone polycomb-mediated silencing. The greatest number of epigenetic changes induced by Nkx2-1 deletion occurred in the H3K4me1 and H3K27ac modifications ( Figure   5D and S5D), consistent with reports that these modifications correlate more closely with differentiation state than others (Creyghton et al., 2010; Shen et al., 2012) . Motif analysis revealed that in the H3K4me1 dataset, Nkx2-1 binding motifs were enriched in the peaks that decreased upon deletion, but not in peaks that increased ( Figure 5D, left) . In contrast, H3K4me1 peaks that increase with Nkx2-1 deletion were enriched for the motif bound by Foxa1 and Foxa2 ( Figure 5D , right). We therefore investigated whether Foxa1/2 might play a role in the induction of gastric differentiation by Nkx2-1 deletion.
Nkx2-1 regulates global Foxa1/2 binding in lung adenocarcinoma
NKX2-1 physically interacts with FOXA1/2 in human lung adenocarcinoma cells, and the two proteins bind to adjacent sites at several genes expressed in the lung to cooperatively activate transcription (Costa et al., 2001; Minoo et al., 2007) . Foxa1/2 are also expressed in the GI tract and liver, where they activate several genes de-repressed by Nkx2-1 deletion, including Hnf4a and Pdx1 (Gao et al., 2008; Wederell et al., 2008) . Foxa1/2 are expressed in both Nkx2-1-positive and deleted murine lung tumors ( Figure S6A ). We hypothesized that physical interaction with Nkx2-1 is required for Foxa1/2 binding to pulmonary genes in lung adenocarcinoma, and that loss of Nkx2-1 releases Foxa1/2 from these loci, enabling them to activate non-pulmonary genes.
To test this hypothesis, we confirmed that Nkx2-1 physically interacts with Foxa1/2 in murine lung adenocarcinoma cells ( Figure 6A ). We then performed ChIP-Seq for Foxa1/2 from tumors from Kras LA2 mice to determine whether loss of Nkx2-1 would alter the distribution of Foxa1/2 binding sites. We identified 23,039 significantly enriched peaks in control tumors and 14,526 in tumors 6 days after Nkx2-1 deletion (p<10 −6 ) ( Figure S6B ).
Comparison of Foxa1/2 peaks in each dataset revealed numerous changes in binding near genes that are differentially expressed upon Nkx2-1 deletion ( Figure 6B -D, S6C and data not shown).
We assembled a set of all sites bound by Nkx2-1 and/or Foxa1/2 (in both control and Nkx2-1-deleted tumors), then classified each site as unique to one dataset or shared between datasets (see Extended Experimental Procedures and Table S4 ). We identified 21,638 sites with evidence of binding by both Nkx2-1 and Foxa1/2 in control tumors (groups 1-2) ( Figure 6B and Table S3-4). Strikingly, Foxa1/2 binding was not detectable at more than half of these sites in Nkx2-1-deleted tumors (group 2), consistent with the possibility that Foxa1/2 are recruited to those sites by physical interaction with Nkx2-1. Loss of Foxa1/2 binding could be identified at canonical Nkx2-1 target genes, including Sftpa1 and Sftpb ( Figure 6D and data not shown). We also identified sites that were bound only by Nkx2-1 (group 4) or Foxa1/2 (groups 5-6) in control tumors. Our analysis further revealed 3513 Foxa1/2 binding sites in deleted tumors that were not detectable in control tumors (groups 3 and 7), most of which did not overlap with Nkx2-1 binding sites (group 7, n=2903). Many of these de novo sites could be found near genes de-repressed by Nkx2-1 deletion, including the enhancer and the P2 promoter, but not the P1 promoter, of Hnf4a ( Figure 6D ).
Motif analysis revealed that sites in groups 1-2 were enriched in both Nkx2-1 and Foxa1/2 binding motifs, whereas group 3 sites (Nkx2-1 unique) contained Nkx2-1 but not Foxa1/2 binding motifs (Table S3 ). In contrast, de novo Foxa1/2 sites (group 7) were enriched not only for Foxa1/2 but also for the Hnf4α binding motif, which was not enriched in any other subgroup. Foxa1/2 and Hnf4α physically interact and coordinately regulate gene expression in non-pulmonary tissue (Hoffman et al., 2010) .
We observed a highly significant association between dynamic Foxa1/2 peaks and differentially expressed genes (p<10 −25 , Fisher's exact test). In order to capture peaks bound to enhancers as well as promoters, we assigned Foxa1/2 peaks to genes whose TSS was up to 10 kb from the peak (see Extended Experimental Procedures). 45% of genes whose levels declined six days after Nkx2-1 deletion were associated with Foxa1/2 peaks unique to control tumors ( Figure 6C and S6C) , whereas only 3% of these genes were associated with de novo Foxa1/2 peaks. In addition, 20% of genes that were de-repressed by Nkx2-1 deletion were associated with de novo Foxa1/2 peaks, whereas only 8% were associated with peaks unique to control tumors. Five of the top ten genes de-repressed by acute Nkx2-1 deletion were associated with de novo Foxa1/2 peaks (data not shown). Foxa1/2 inhibition by RNA interference in an Nkx2-1-deleted lung adenocarcinoma cell line reduced the levels of several gastrointestinal transcripts that are de-repressed by Nkx2-1 deletion in vivo ( Figure S6D-E) .
We next evaluated levels of histone modifications in each group of Nkx2-1 and Foxa1/2 binding sites ( Figure 6E , S6F and Table S4 ). In control tumors, sites with evidence of Nkx2-1 binding (groups 1-4) had the highest levels of H3K4me1, H3K4me3 and H3K27ac and lowest levels of H3K27me3. Upon Nkx2-1 deletion, group 2 sites, which lose Foxa1/2 binding, also exhibit a decline in H3K4me1 and H3K27ac signal ( Figure S6F ). This suggests that combinatorial binding of Nkx2-1 and Foxa1/2 is critical for maintaining an active chromatin state at these loci. De novo Foxa1/2 binding sites (group 7) exhibited the highest levels of H3K27me3 and lowest levels of H3K4me3 and H3K27ac in control tumors ( Figure  S6F ). The H3K4me1 modification exhibited a clear peak at de novo Foxa1/2 binding sites in control tumors, albeit of lower intensity than in other subgroups. Upon Nkx2-1 deletion, the levels of H3K4me1 and H3K27ac modifications at de novo Foxa1/2 sites increased and their distribution shifted from unimodal to bimodal ( Figure 6E and S6G) . Bimodal distribution of H3K4me1 at Foxa2 binding sites has previously been correlated with tissue-specific gene activity and nucleosome displacement (Hoffman et al., 2010) . Thus, de novo Foxa1/2 binding sites exhibit an increase in histone modifications associated with an active chromatin state in Nkx2-1-deleted tumors.
We next asked whether Nkx2-1 re-expression was sufficient to modulate Foxa1/2 binding in an Nkx2-1-deleted lung adenocarcinoma cell line. Control cells exhibited no evidence of Foxa1/2 binding near several pulmonary genes that are bound by Foxa1/2 in Nkx2-1-positive tumors ( Figure 6F ). Re-expression of Nkx2-1 restored Foxa1/2 binding to all of these loci ( Figure 6F ) and induced expression of the corresponding genes ( Figure 6G ). Thus, Nkx2-1 appears to be both necessary and sufficient for Foxa1/2 binding at these genes. In contrast, Nkx2-1 re-expression caused a partial decrease in Hnf4α and Lgals4 mRNA levels ( Figure 6G ), but Foxa1/2 remained bound to sites near these genes ( Figure S6H) . Furthermore, Nkx2-1 affected neither Pdx1 expression ( Figure 6G ) nor Foxa1/2 binding at the Pdx1 area IV enhancer ( Figure S6H) . Thus, the epigenetic changes induced by Nkx2-1 deletion are not completely reversed by Nkx2-1 re-expression in vitro.
These results demonstrate that Nkx2-1 is required for Foxa1/2 binding to a large number of sites in the lung adenocarcinoma genome, including many genes highly expressed in distal lung. Furthermore, the loss of Nkx2-1 enables Foxa1/2 to bind de novo sites, many of which are near genes whose expression is normally restricted to the GI tract.
Initiation of Nkx2-1-negative lung adenocarcinomas is dependent upon Hnf4α expression
Finally, we sought to determine whether the gastric differentiation program regulates the growth of Nkx2-1-negative lung adenocarcinomas. We focused our studies on the transcription factor Hnf4α because it promotes epithelial differentiation (Cattin et al., 2009; Hayhurst et al., 2001 ) and regulates cancer progression in the murine GI tract and liver (Darsigny et al., 2010; Hatziapostolou et al., 2011) . Hnf4α also represses Hmga2 in human liver cancer cells (Santangelo et al., 2011) . Furthermore, Hnf4α is expressed in human mucinous lung adenocarcinomas (Kunii et al., 2011) . Given that lung tumors in Kras LSL-G12D ; Nkx2-1 F/F mice are well-differentiated and non-metastatic, we hypothesized that Hnf4α regulates a gastric differentiation program that prevents Nkx2-1-negative tumors from reaching an embryonal and/or metastatic differentiation state.
To test this hypothesis, we utilized a conditional allele of Hnf4a (Hayhurst et al., 2001 ) to generate Kras LSL-G12D ; Nkx2-1 F/F ; Hnf4a F/F mice. We infected mice with a lentivirus (Lenti-Cre) that integrates into the genome and stably expresses Cre, thereby increasing the probability that all conditional alleles are recombined in an infected cell. By IHC, ~50% of lesions exhibited a complete loss of Hnf4α protein expression ( Figure 7A-C and data not  shown) . Hnf4α-negative cells did not exhibit major morphologic differences from adjacent Hnf4α-positive cells and were classified as mucinous, well-differentiated adenocarcinoma. Hnf4α was required for the expression of Gkn1, but not Ctse ( Figure 7A and S7A) . Furthermore, combined deletion of Hnf4a and Nkx2-1 was sufficient to de-repress the embryonal protein Hmga2 in neoplastic cells ( Figure 7B-C and S7A ). We also found that concomitant deletion of Nkx2-1 and Hnf4a is sufficient to de-repress Hmga2 in the distal lung epithelium in the absence of oncogenic Kras ( Figure S7B ). Thus, Hnf4α activates a portion of the gastric differentiation program and represses the embryonal proto-oncogene Hmga2 in the absence of Nkx2-1. Surprisingly, we observed a dramatic reduction in tumor burden in Kras LSL-G12D ; Nkx2-1 F/F ; Hnf4a F/F mice compared to controls ( Figure 7D ). This suggests that most nascent lung tumor cells cannot tolerate the combined loss of these two transcription factors. Deletion of Hnf4a did not impact apoptosis at 5-7 days after tumor initiation, suggesting other mechanisms may be limiting tumor initiation ( Figure S7C ). Hnf4a deletion had no effect on the number of hyperplastic lesions induced by Nkx2-1 deletion in the context of wild-type Kras ( Figure S7D ). Thus, partial loss of gastric differentiation and de-repression of Hmga2 is not sufficient to enhance tumor growth or cause tumors to adopt a poorly differentiated state, at least not at this stage of tumor evolution. Instead, these data suggest that Hnf4a deletion puts tumor cells at a growth disadvantage or prevents transformation altogether.
DISCUSSION
Nkx2-1 and Hnf4a regulate active and latent differentiation programs in lung adenocarcinoma
We have demonstrated that Nkx2-1 not only promotes pulmonary differentiation and homeostasis, but also inhibits gastric differentiation in adult alveolar epithelium and in peripheral lung adenocarcinomas. We speculate that the ability of lung epithelial cells to assume a gastric identity after Nkx2-1 loss is a consequence of the lung's embryologic origins in the developing foregut (Costa et al., 2001) . We have also shown that concomitant loss of Nkx2-1 and Hnf4a, a master regulator of GI differentiation, results in the loss of Gastrokine1 expression and de-represses the embryonal protein Hmga2. These data suggest that lung epithelial cells have multiple layers of differentiation, including an active pulmonary differentiation program and a latent gastric differentiation program, and that inactivation of both programs may be required for the de-repression of embryonal genes such as Hmga2 ( Figure S7E ). Even combined deletion of Nkx2-1 and Hnf4a did not drive tumors directly into a poorly differentiated state, suggesting that other mediators of adulttype differentiation remain active in Nkx2-1/Hnf4α double-negative tumor cells. It is notable that in a previous study, we did not observe high levels of gastric transcripts in Nkx2-1-negative cell lines that were derived from poorly differentiated tumors (Winslow et al., 2011) , consistent with the concept that tumor cells may downregulate multiple differentiation programs to reach a highly primitive, metastatic state.
There is evidence that latent differentiation programs may be commonly de-repressed during the evolution of human cancer. Foregut genes are upregulated in human pancreatic intraepithelial neoplasia (PanIN) relative to normal pancreas (Prasad et al., 2005) , including some genes (e.g., Ctse) that are also expressed in both human and murine mucinous lung adenocarcinoma. In contrast, precursor lesions for esophageal and gastric carcinomas often adopt an intestinal identity (Yuasa, 2003) . These observations suggest that acquisition of an alternative adult cell fate may be a common, and even advantageous, event during cancer evolution.
Nkx2-1 regulates tissue-specific binding by Foxa1/2
The Foxa1/2 transcription factors are required for the proper development of the lung (Wan et al., 2005) and several other tissues (Kaestner, 2010) . In the adult, Foxa1/2 physically interact with lineage-specific transcription factors (e.g., Nkx2-1 in the lung, Hnf4α in the liver, and estrogen receptor (ER) in the breast), to cooperatively activate tissue-specific gene expression (Hoffman et al., 2010; Lupien et al., 2008; Minoo et al., 2007) . However, the mechanisms by which Foxa1/2 are recruited to genes in a tissue-specific manner have not been fully delineated (Kaestner, 2010) . Our data demonstrate that Nkx2-1 is required for proper Foxa1/2 localization and implicate a global change in Foxa1/2 binding as a critical step in the transition from a pulmonary to a gastric differentiation state. In contrast, ER is not required to maintain FOXA1 at its target genes in human breast carcinoma cells (Lupien et al., 2008) . It remains to be tested whether other tissue-specific transcription factors regulate Foxa1/2 localization in a similar manner.
Loss of Nkx2-1 also results in the emergence of de novo Foxa1/2 binding sites, a subset of which is marked by the H3K4me1 histone modification and exhibits an increase in H3K27ac modification upon Nkx2-1 deletion. These changes in histone modifications are characteristic of poised promoters and enhancers, which regulate genes whose expression increases during changes in differentiation state (Creyghton et al., 2010; Rada-Iglesias et al., 2011; Wamstad et al., 2012; Zentner et al., 2011) . In human breast carcinoma cells, tissuespecific FOXA1 binding may be regulated by H3K4me1 and H3K4me2 modifications (Lupien et al., 2008) . These data raise the possibility that the H3K4me1 modification mediates Foxa1/2 recruitment to some of its de novo binding sites after Nkx2-1 deletion, and that these poised DNA elements may be part of the epigenetic basis for the latent gastric differentiation program in lung tumors.
Master regulators of differentiation also regulate tumor growth
The dramatic effects of Nkx2-1 and Hnf4a deletion on tumor burden underscore the connection between differentiation state and tumor progression. We hypothesize that Nkx2-1 is required for full transcriptional induction of the feedback inhibitor Spry2 in response to Kras G12D and that lack of Spry2 induction enhances Kras-driven MAPK activity and tumor growth ( Figure S3D ). Alternatively, Nkx2-1 may also control the transcription of cell cycle regulators such as E2f3, whose promoter is bound by Nkx2-1 in both developing lung and tumors (Tagne et al., 2012 and data not shown). In contrast, it is not clear why Hnf4a deletion impairs the initiation of Nkx2-1-negative tumors. In non-pulmonary tissues, Hnf4α regulates many processes that may impact tumorigenesis, including proliferation (Bonzo et al., 2012) , metabolism (Hayhurst et al., 2001) , and inflammation (Hatziapostolou et al., 2011) .
In conclusion, our results suggest that some normal cells have latent differentiation programs that can be traced to their developmental origins and may be unleashed during cancer progression. We speculate that just as active differentiation programs influence tumor initiation, latent differentiation programs may shape the specific evolutionary course taken by a neoplastic cell during cancer progression. Our data also imply that even though tumors often evolve toward a primitive state, there may be limits to cellular plasticity during the early stages of tumor evolution.
EXPERIMENTAL PROCEDURES Mice and tumor initiation
Mice harboring Kras LA2 (Johnson et al., 2001 ), Kras LSL-G12D (Jackson et al., 2001 ), Kras FSF-G12D (Young et al., 2011) , p53 F/F (Jonkers et al., 2001 ), Nkx2-1 F/F (Kusakabe et al., 2006 ), Hnf4a F/F (Hayhurst et al., 2001) , RosaCre ERT2 (Ventura et al., 2007 ) alleles have been previously described. Mice were infected intratracheally with adenovirus or lentivirus (DuPage et al., 2009) . Animal studies were approved by the Committee for Animal Care (institutional animal welfare assurance no. A-3125-01).
Histology and immunohistochemistry
Tissues were fixed in 10% formalin overnight and paraffin embedded. Immunohistochemistry (IHC) was performed on a Thermo Autostainer 360 machine followed by hematoxylin counterstain.
qRT-PCR and immunoblotting
Quantitative RT-PCR was performed on Trizol-extracted RNA. qPCR reactions were performed using Taqman Fast Universal Master Mix and probes (Applied Biosystems). Taqman probes and antibodies are listed in Extended Experimental Procedures.
Microarray analysis
Mouse lung tumors were snap frozen in liquid nitrogen. RNA was extracted using Trizol (Invitrogen), analyzed for RNA integrity, and prepared with Affymetrix GeneChip WT Sense Target Labeling and Control Reagents kit, followed by hybridization to Affymetrix GeneChip Mouse Exon 1.0 ST arrays.
ChIP-Seq and analysis
Genome-wide localization of Nkx2-1, Foxa1/2 and four histone modifications was performed on tumors from Kras LA2 mice by chromatin immunoprecipitation followed by high throughput sequencing on an Illumina HiSeq 2000. For ChIP qPCR from cell lines, the MAGnify Chromatin Immunoprecipitation kit (Invitrogen) was used according to the manufacturer's instructions. qPCR was performed using Fast Sybr Green Master Mix (Applied Biosystems) on a StepOne Plus Real Time PCR system. See Extended Experimental Procedures for antibodies and qPCR primers.
Human studies
Formalin fixed, paraffin-embedded (FFPE) tumors were obtained from the archives of the Department of Pathology at the Brigham and Women's Hospital and US Biomax. Studies were carried out in accordance with protocols approved by the Partners Health Care Institutional Review Board and the MIT Committee on the Use of Humans as Experimental Subjects.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
HIGHLIGHTS
• Lung adenocarcinomas adopt a gastric identity upon Nkx2-1 loss ; RosaCre ERT2 ; Nkx2-1 F/F mice six days after treatment with tamoxifen. KN: tumors from Kras LSL-G12D ; Nkx2-1 F/F mice 3-4 months after initiation by Ad-Cre. "Down": genes whose expression was significantly lower in Nkx2-1-deleted group vs. control tumors. "UP": genes whose expression was significantly higher in Nkx2-1-deleted group than in control tumors. Figure S5 .
